The diversity of applications of amphiphiles such as surfactants and phospholipid-like compounds in pharmaceutical technology renders the study of their interactions with pharmacologically active drugs of particular relevance (Gibaldi & Feldman 1970 Attwood & Florence 1983) . Amphiphiles aggregate in excess water to yield a variety of supramolecular structures (Fendler 1982; Israelachvili 1985) . Basic knowledge of drug-aggregate interactions in micelles, microemulsions and liposomes must be taken into account in the development of novel, more specific and more stable pharmaceutical products (El- Reviews on micellar structure and micellar effects on chemical reactivity are available (Fendler 1982; Bunton & Savelli 1986 ). Here, we will focus on the effects of aqueous micelles on drug stability. The review is organized to emphasize the chemical reaction modified by micelles rather than drug type or family of therapeutic compounds.
There have been a number of qualitative descriptions of micellar effects on drug stability. However, the applicability of these studies is severely limited, since at times it is difficult to interpret qualitative results with existing models or to generalize to conditions other than those reported. The main purpose of this review is to emphasife the relevance of quantitative studies of micellar effects on drug stability, especially where the study has allowed a thorough dissection of the aggregate effects in the rate or mechanism of the reaction. The existence of models for the quantitative analysis of micellar effects on reaction rates allows the design of adequate experimental conditions, analysis of experimental data and, most importantly, the prediction of the effects of micelles under a variety of conditions.
Micelles
Detergents, constituted by a polar head-group and a hydrocarbon chain equivalent to more than eight methylene groups, associate spontaneously in water to form dynamic aggregates denominated micelles (Tanford 1980; Fendler 1982; Israelachvili 1985) . These aggregates, and many others formed by amphiphiles, confer unique properties on the solution. Micelles exhibit an interfacial region separating the polar bulk aqueous phase from the hydrocarbon-like interior (Tanford 1980; Israelachvili 1985) . In oil-in-water microemulsions, the micelle interior may contain added oil. The interfacial region (also called the Stern layer) has a width equivalent to the detergent head-group and, in the case of ionic detergents, contains the ionic head-groups, a fraction of the counter-ions and water (Tanford 1980; Fendler 1982; Israelachvili 1985; Bunton & Savelli 1986) . The Stern layer is extremely anisotropic causing properties of this region to change abruptly over a distance of a few angstroms. The anisotropy of the aggregate renders micellar solutions a special medium in which hydrophobic, amphiphilic or ionic compounds may be solubilized and reagents may be concentrated or separated in aqueous solution (Fendler 1982; Bunton & Savelli 1986) . A cartoon representing a micelle of a negatively charged detergent (Israelachvili 1985) is presented in Fig. 1 .
In micellar solutions, as in other microheterogeneous systems, rate modifications may result from at least two unrelated factors: reagent compartmentalization and differences in the free energy of activation and the mechanism of the reaction in the aggregate. Separation of these components requires quantitative analysis of the effects of the aggregate on the reaction. Several models allow the calculation of rate constants in the micelle (Martinek et a1 1977; Romsted 1977; Fendler 1982; Bunton & Savelli 1986) . Monomers, substrates and micelles redistribute in solution much faster than the rate of thermal reactions (Fendler 1982; Bunton & Savelli 1986) . Monomers and substrates exchange in the p s time-scale and ion-ion exchange rates are rapid relative to the lifetime of the micelle (Almgren et a1 1977) . Thus, most of the models for the quantitative analysis of micellar reactions either assume a micellar pseudophase or consider that the micellar ensemble can be treated with a cell model, where all cells contain micelles with identical composition.
The association of neutral substrates to micelles can be described by association or partitioning constants (Ks). A review on the forms of analysing micelle-neutral substrate partitioning has been published (Sepulveda et a1 1986) . The binding of ions or ionic substrates to ionic micelles cannot be described by a simple partitioning ). Pseudophase models with explicit consideration of ion FIG. 1. A micelle of a negatively charged detergent (Israelachvili 1985) . exchange (PPIE model) treat the binding of an ionic substrate X in an ionic micelle with similarly charged counter-ions (Y) using a selectivity coefficient for ion exchange (KXIY).
A more general form of analysing the association of ions to ionic micelles, with no assumptions concerning the constancy of micellar surface charge, is based on the use of cell models and Poisson-Boltzmann ion distributions, with Volmer or Langmuir isotherms to take into account the ion specificity, or non-electrostatic component for ion binding (PBE model, Bunton & Savelli (1986) ). Quantitative analyses and the accompanying theories for ion binding to zwitterionic micelles have recently been described (Baptista et a1 1992) . Therefore, it is possible to analyse quantitatively the binding of uncharged or charged substrates to neutral, zwitterionic and ionic micelles using adequate models under a wide variety of conditions.
Neutral and ionic species associate with micelles, particularly ionic micelles, through different mechanisms. Neutral substrates associate hydrophobically and the distribution constants may increase with added salt (Sepulveda et a1 1986; Oliveira et a1 1990 Oliveira et a1 , 1991 . The increase in the activity coefficient of the substrate with salt may increase the difference in the standard chemical potential for watermicelle transfer (A&) (where the chemical potential does not contain any electrostatic component) (A&, = g -g)
for water-micelle transfer (Lissi et a1 1985 (Lissi et a1 , 1986 . For ionic substrates, the effects of salt will depend on a balance between the effect of ionic strength on A@,,, and the specific effect of salt on the electrical potential at the micellar surface. Using ion-exchange terminology the salt effects on substrate binding to ionic micelles may also be described as follows: if the non-electrostatic component of the ion exchange constant is large, added salts may increase the binding of hydrophobic ions (Quina Kc Chaimovich 1979) . In the case of a hydrophilic ion, added salts will always displace the ion from the Stern layer and, consequently, inhibit the binding to the micelle. Difficulties and differences in interpretations in describing micellar effects also arise from the form and units that describe the association or binding of a neutral substrate to micelles (Sepulveda et a1 1986) .
Quantitative analysis of reactions in micellar solutions demands further assumptions concerning the separation of micellar and intermicellar reaction rates. For thermal reactions, which are slower than the monomer-micelle equilibration rates, most models assume two rate constants, namely one in the micelle (k,) and one in the intermicellar aqueous phase (kw). Estimates of absolute values of rate constants for bimolecular (or higher order) reactions in micelles are further complicated by assumptions concerning volume elements, necessary for the calculation of local concentrations. In spite of the assumptions, quantitative analysis of micellar reactions has been successful in providing insights into the effects of these aggregates on the kinetics and chemistry of reactions occurring in supramolecular aggregates.
The PPIE model is of great conceptual and operational simplicity and has been used with success to analyse quantitatively a wide variety of reactions in micelles and other amphiphile aggregates such as microemulsions and vesicles (Fendler 1982; Kawamuro et a1 1991) . The PPIE model, however, is only applicable when the concentration of added ions is relatively small with respect to the total concentration of added ionic surfactant. The PPIE model also fails with high concentrations of highly hydrated ions, such as OH-or F- (Bunton & Savelli 1986 ). PBE models have provided the needed complement to PPIE to analyse quantitatively reactions under conditions which can be extended to the analysis of the effects of micelles and other aggregates on the stabilization or destabilization of pharmaceutically important drugs.
Esters
The mechanism of ester hydrolysis has been elucidated in detail (Bruice & Benkovic 1966; Jencks 1987) . A description of the mechanism of water attack on esters is shown in Scheme 1
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The stability of the tetrahedral intermediate (Scheme 1) depends on several factors, including the presence of acidbase catalysts and the ester structure. The effect of micelles on ester hydrolysis has been extensively investigated (Fendler 1982; Bunton & Savelli 1986; Correia et a1 1991) . The rate-limiting step for alkaline hydrolysis of esters in ionic micelles is, as in water, OH-attack. Micelles, however, increase the sensitivity of the reaction to polar effects (Correia et a1 1991). As a rule, in OH--mediated ester hydrolysis, postively-charged micelles increase and negatively-charged micelles reduce the reaction rate. Uncharged micelles decrease the reaction rate and zwitterionic micelles can either increase or decrease the rate of ester hydrolysis, depending on the hydrophobicity of the ester and on the reaction conditions. For bimolecular reactions, such as the OH -attack on esters, the second order rate constants for the reaction in water (k2,4 and micelles (kz,,,) are within one or two orders of magnitude (Romsted 1984) . In general, k2,,, for OH-ion attack tends to be lower than k2w, the inhibition increasing with the hydrophobicity of the ester (Vera & Rodenas 1986a, b) . The reactivity ofwater attack on esters in micelles is similar to that in bulk water (Kurz 1962; Menger et a1 1978) .
The effect of micelles on the hydrolysis of the antipyretic, analgesic and anti-inflammatory acetylsalicylic acid (ASA) and on several esters of the local-anaesthetic type has been investigated.
The degradation of ASA exhibits a pH-dependent and a pH-independent region. In the pH-independent region the ionized carboxylate enhances the reaction rate by intramolecular base catalysis (Scheme 2) (Fersht & Kirby 1967; Connors et a1 1986) .
Non-ionic detergents decrease up to twofold the rate of hydrolysis of the undissociated form of ASA (Cid & Moran 1976; Ismail & Simonelli 1986 ). Positively-charged micelles of hexadecyltrimethyl-ammonium bromide (HTAB) inhibit (twofold) the spontaneous decomposition of the ionized form ofASA (Vera et a1 1983) . This small inhibition has been associated with a decreased availability of water at the reaction site (Broxton 1982) . However,&here is experimental and theoretical evidence strongly suggesting that at the micellar surface, where ASA is located, water is as reactive as in bulk solution (Kurz 1962; Menger et a1 1978; Tanford 1980; Fendler 1982; Israelachvili 1985; Bunton & Savelli 1986) . The shape of the function relating the observed rate constant for OH-attack on ASA with the concentration of positively-charged HTAB is biphasic, the rate increasing with detergent up to a maximum where the rate is higher than in water decreasing thereafter, at higher detergent concentration, to a value lower than that in water . These effects were analysed quantitatively by the PPIE model and the results show that the value of k2, is one-hundredth that of k2w. The rate effects of cationic micelles are strictly dependent on medium composition and salt Rodenas & Vera 1985) .
The reaction of OH-ion with long-chain derivatives of aspirin was used to demonstrate different orientations of substrate with respect to the micellar interface. In micelles, 5-alkyl derivatives expose the ester group at the interface and render these derivatives more exposed to OH-ion attack " y 3 c=o SCHEME 3. (Broxton et a1 1987) . NMR analysis of 5-octyl and 5-heptyl derivatives of ASA in micelles shows that the carboxylate group of ASA is perpendicular to the micellar surface and, for the more hydrophobic esters, a change in the relative orientation of the carboxylate and the ester group occurs (Scheme 3) (Broxton et a1 1987) .
The structural data are consistent with the effect of micelles on the kinetics of the various derivatives. Hydroxylfunctionalized, positively-charged detergents exhibit effects similar to those described for HTAB (Broxton et a1 1989) .
The effects of micelles on other pharmacologically active esters such as ethyl p-aminobenzoate (benzocaine), 2-diethylaminoethyl p-aminobenzoate (procaine), and endo-a-
hydroxy-benzeneacetic 8-methyl-8-azabicyclo-[3,2,I]-oct-3-
ester (homatropine) have been reviewed up to 1980 (Linda et a1 1981) .
Most detergents stabilize local anaesthetics to different extents. Inhibition of the rate of hydrolysis, under different sets of conditions, depends on the detergent charge and drug hydrophobicity (Linda et a1 1981) . The alkaline degradation of procaine is inhibited by HTAB up to twentyfold at pH 9.1, increasing the shelf-life at 25°C (Razvi & Beg 1981 Razvi et a1 1984) . Penetration of the drug into the hydrophobic core of the positively charged micelle was suggested as a rationalization of the results. This interpretation is intriguing in view of the amount of data indicating that penetration of substrates, especially substituted phenyl derivatives into the micellar core is by no means a general phenomenon (Broxton et a1 1987; Zanette & Chaimovich 1992) . HTAB stabilization of benzocaine in alkaline solutions (pH 10.5-12.5) has also been observed and attributed to poor OH-binding in HTAB (Zarina et a1 1986) . Binding of OH-ions to HTAB micelles and local OH-concentration at the micellar surface, has been clearly demonstrated (Chaimovich et a1 1979; Quina et a1 1980) . Procaine and benzocaine are also stabilized by micelles of sodium dodecylsulphate (SDS) and Tween 80 (Razvi & Beg 1981; Razvi et a1 1984) . Therefore, while it is clear that micelles increase the stability of local anaesthetics, it is not evident why, especially in the case of positively charged detergents, these watersoluble drugs seem to be compartmentalized differently from OH-ion.
The pH dependent incorporation of local anaesthetics such as benzocaine, procaine and tetracaine in phospholipid liposomes indicates that the non-dissociated form of the drug partitions preferentially in the bilayer (Schreier et a1 1984; Habib & Rogers 1987; Bianconi et a1 1988) . The rate of alkaline hydrolysis of procaine and tetracaine is progressively decreased by liposomes of dimyristoylphosphatidylcholine and dipalmitoylphosphatidylcholine. A maximum protection (by a factor of 2) was obtained with liposomes composed of the negatively charged phosphatidylserine (Bianconi & Schreier 1991) . A two-state model was used to analyse the kinetic results and to propose that the rate of alkaline hydrolysis of the local anaesthetics is negligible when incorporated in the bilayer (Bianconi et a1 1988; Bianconi & Schreier 1991) . Quantitative analysis of the effects of bilayers on the pK, of local anaesthetics has been described (Schreier et a1 1984) . The undissociated form of the local anaesthetic is preferentially solubilized in the bilayer and the solubilization site changes upon protonation (Schreier et a1 1984; Habib & Rogers 1987) . The alkaline hydrolysis of tetracaine-like local anaesthetics is totally suppressed upon incorporation in zwitterionic bilayers at low ionic strength. This phenomenon has recently been analysed quantitatively, with a two-state model, using electron spin resonance spectroscopy to determine partitioning, orientation and rates of alkaline hydrolysis of a drug analogue (Bianconi & Schreier 1991) . The effects of neutral (Tween 80, Tergitol), anionic (SDS and sodium taurocholate) and cationic (cetylpyridinium chloride) detergents on the enzyme-catalysed hydrolysis of chloramphenicol stearate have been determined (Bernabei et a1 1981) . In all cases, rate increases with detergent concentration to a maximum and then decreases at higher concentrations. These results are likely to be due to complex detergent effects on both enzyme activity and antibiotic stability.
The rate of alkaline hydrolysis of acetylcholine is unaffected by neutral micelles (Nakagaki & Yoroyama 1986a, b) . Positively-and negatively-charged micelles, as well as mixtures of ionic with neutral detergents, inhibit the hydrolysis of acetylcholine. Inhibition by SDS is expected, since acetylcholine may bind to negatively charged micelles while OH-ions are largely excluded from the interface, especially at low ionic strength (Quina et a1 1982) . Positively charged detergents, however, also decrease the rate of acetylcholine hydrolysis probably due to substrate orientiation in the interface. The positively charged group of acetylcholine supposedly lies at the interface while the reaction centre is shielded from OH-attack by insertion in the hydrophobic interior (Nakagaki & Yoroyama 1986a, b) . Thus, for some local anaesthetics and acetylcholine the general rule of rate enhancement of OH-ion attack by positively-charged micelles does not seem to apply. This phenomenon is particularly interesting since in both cases interactions of substituted N and ester groups with the alkylammonium surface are involved. Understanding the molecular mechanism of this interaction is of interest from both the fundamental and applied points of view.
The decomposition of propranolol esters involves two parallel reactions, namely hydrolysis (kl) and 0 to N rearrangement (kz) (Scheme 4) (Buur et a1 1988; Irwin & Belaid 1988) .
The overall degradation rate is increased up to 30-fold by a cationic detergent (dodecyltrimethylammonium bromide) and decreased (fivefold) by SDS (Irwin & Belaid 1988) . The rate increase produced by dodecyltrimethylammonium bromide is solely due to catalysis of the intramolecular 0 to N rearrangement. The catalytic effect was rationalized in terms of increased polarization of the carbonyl group in the micelle-bound substrate. The catalytic factor varies from 130 to 530 and depends on substrate hydrophobicity. Anionic detergents, on the other hand, inhibit both the intra-and intermolecular reactions. Although ionic micelles affect the degree of ionization of propranolol esters, this effect was only taken into account to explain the inhibitory effect of SDS (Irwin & Belaid 1988) . Several intramolecular acyl transfers are catalysed by micelles (Cuccovia et a1 1977; Oliveira et a1 1990) . In these, as in other systems, the effect of the interface on the acid dissociation constant of the nucleophile has to be corrected before proposing that the micellar effect is due to an effect on the activation energy of the intramolecular nucleophilic attack (Cuccovia et a1 1977; Oliveira et a1 1990) .
Amides
The mechanism of amide hydrolysis, involving several potential rate-determining proton transfers, has been the subject of intense research in the last decades. A simplified representation of the mechanism of amide hydrolysis (Jencks 1987 ) is shown in Scheme 5.
Kinetic effects of non-ionic detergents (ethoxylated lanolin and polysorbate), HTAB and SDS on the alkaline hydrolysis of the anti-inflammatory drug indomethacin (1-(4-chlorobenzoyl)-5-methoxy-2-methylindoyl-3-acetic acid) have been described (Dawson et a1 1977; Krasowska 1980; Suleiman & Nagib 1990) . Neutral detergents decrease, while HTAB increases the reaction rate. Quantitative analysis of this reaction, using a PPIE model, demonstrated that the rate modifications produced by SDS and HTAB can be explained on the basis of reagent concentration and compartmentalization by micelles (Cipiciani et a1 1985) . Even for the positive detergents, where there is rate increase due to reagent concentration in the micelle, the kzm is one-twentieth the value for kzw (Cipiciani et a1 1985) . Inhibition of the alkaline hydrolysis by neutral surfactants increases with the value of the micelle-drug association constant (Lin & Kawashima 1985) . These data are in agreement with the fact that a larger proportion of the ethylene oxide groups in the detergent confer decreased stabilizing power to the surfactants (Lin & Kawashima 1985) . Inhibition seems to be related to the value of the drug-micelle association constant.
The contradiction showing rate decrease by cationic detergents of alkaline decomposition of indomethacin (Suleiman & Nagib 1990), is apparent only. These authors generalized from results obtained at& single detergent concentration. Their results are in agreement with previous work showing rate increase at low detergent concentration and decrease at higher concentration (Cipiciani et a1 1985) .
The decomposition of chlordiazepoxide in aqueous solution is a complex result of two different reaction routes yielding the same products (Scheme 6) (Buur & Gravsholt 1982) .
The reaction pathway includes several ionizable species; therefore, rates and micellar effects are expected to be complex functions of detergent nature and reaction condi-1 tions, including pH, ionic concentration and composition Romsted 1984; Bunton & Savelli 1986) .
Micellar effects of detergents on the stability of clonazepam and chlordiazepoxide as a function of pH have been described qualitatively under a limited set of experimental conditions (Buur & Gravsholt 1982; Simonelli et a1 1984) .
1,4-Benzodiazepinones, exhibiting anxiolytic, anticonvulsant and muscle-relaxing properties have been widely used, especially as these drugs are hydrophobic and display t l "" interesting decomposition routes (Scheme 7) (Han 1977; Han et a1 1977; Broxton & Wright 1991) . The hydrolysis of 1,4-benzodiazepinones can be initiated by nucleophilic attack at C-5, yielding intermediate 2 or, alternatively, at C-2 with amide hydrolysis producing inter-SCHEME 8 mediate 3. Further decomposition of 2 and 3 yield the same products, namely aminophenazone (4) and glycine (Broxton et al 1984; Broxton & Morrison 1985; Broxton & Wright 1986 . Both 2 and 3 can ionize, the relative proportion of the ionic forms determining the major decomposition pathway. In basic solution, 2 does not accumulate due to recyclization (2 to 1) and subsequent decomposition of 2 to yield 4. In acidic solution, 3 does not accumulate since the reaction from 3 to 1 is reversible and the hydrolysis of 3 is rapid. Water attack at C-2 (amide hydrolysis) is favoured by SDS micelles. For nitrazepam, a change in reaction route from water attack at C-5 to water attack at C-2 was observed upon transferring the reaction site from water to SDS micelles, with no change in reaction rate (Broxton & Morrison 1985) . For N-benzyl nitrazepam, however, no change in mechanism was detected; both in water and in SDS micelles, water attack occurred at C-5. The acid-catalysed decomposition of diazepam is inhibited fivefold by SDS micelles (Broxton et al 1984) . Changes in the hydrophobicity of the substrate, obtained by N-alkylation of nitrazepam, leads to a relative decrease in the amide hydrolysis and an increase in the azomethine decomposition (Broxton & Morrison 1985) . The basic hydrolysis of nitrazepam involves initial azomethine cleavage (Han 1977; Han et al 1977) ; however, the rate of reaction is dependent on the hydroxide ion concentration. HTAB increases (tenfold) the rate of alkaline decomposition of diazepam, the reaction involving essentially amide cleavage (Broxton & Wright 1986) . For nimetazepam and N-benzylnitrazepam, strong catalysis of amide hydrolysis (100-fold) was observed in HTAB micelles (Broxton & Wright 1986) . HTAOH micelles and dioctadecyldimethylammonium hydroxide vesicles affect the alkaline hydrolysis of benzodiazepines in much the same manner as that described for HTAB micelles (Broxton et a1 1988) .
Recently, Broxton & Wright (1991) have reinvestigated the mechanism of hydrolysis of oxazepam and 2'-methyldiazepam in water and in the presence of micelles (Scheme 7). In dilute acid ( < 0.2 M) the reaction pathway is mostly azomethine cleavage. Upon increasing the acid concentration, amide hydrolysis prevails. SDS micelles favour the amide hydrolysis route, presumably by concentrating H + at the micellar surface. In alkali, the route for oxazepam hydrolysis is also dependent on the OH-ion concentration and the effect of HTAB is dependent on the relative OH-concentration (Broxton & Wright 1991) . Addition of a 2-methyl group (2'-methyl diazepam) produces a mechanistic effect similar to that observed for the alkaline hydrolysis of diazepam with HTAB micelles (Broxton et al 1984) .
Quantitative analysis of micellar effects on the hydrolysis of bromazepam, flunitrazepam and diazepam has recently been attempted. In all cases, the drug-micelle association constant increases by increasing either the hydrophobicity of the drug or the chain length of the surfactant (Moro et a1 1991) . However, the kinetic effects are independent of the association constant of the drug, suggesting no changes in reaction sites upon increasing the drug-micelle association constant. Non-ionic detergents and cationic detergents exert negligible kinetic effects on the rate of acid hydrolysis while anionic micelles inhibit the degradation by up to 40-fold (Moro et a1 1991) .
fl-Lactam Antibiotics
Catalysis and inhibition of the acid-catalysed hydrolysis of propicillin and cefazolin by SDS and HTAB are as expected from coulombic concentration or repulsion of H + ion (Tsuji et a1 1978 (Tsuji et a1 , 1982 . The three-to fourfold stabilization by HTAB and destabilization by SDS were obtained at 0.15 M salt (Tsuji et a1 1978 (Tsuji et a1 ,198 1, 1982 . At this ionic concentration, added salt displaces H + or OH-from the micellar surface; therefore, modest micellar effects on rates are expected (Bunton & Savelli 1986; Fendler 1982) . The neutral detergent polyoxyethylene-23-lauryl ether inhibits the acid degradation of both p-lactam antibiotics. The rate of hydrolysis of the protonated form of propicillin is not influenced by micelles (Tsuji et al 1981 (Tsuji et al , 1982 . It is probable that the very water-soluble propicillin does not bind to micelles even at high detergent concentration.
The oxazolone intermediate, produced upon acid hydrolysis of a-aminobenzylpenicillin (ampicillin), can be mitterionic or positively charged. The zwitterionic intermediate leads to penicillenic acid while the positively-charged intermediate produces penalmadic acid (Scheme 8) (How & Poole 1969 ).
An aqueous acid, as determined by repetitive spectral data, penicillenic acid predominates in the initial reaction mixtures (Ortega et a1 1984) . SDS micelles increase the rate of r! acid hydrolysis of ampicillin and since the negativelycharged aggregate stabilizes the positively-charged form, the main reaction product in SDS is penicillenic acid (Ortega et a1 1984) . In spite of the observation that the second-order rate constants in the micelles are, in general, similar to those in water, micelles often modify the product composition of substrates reacting by more than one route. Modifications of product composition usually reflect the preferred interaction of transition states (or intermediates) along one of the pathways in the reaction manifold with the micellar headgroups (Politi & Chaimovich 1991) .
The effect of detergents upon the rate of hydrolysis of benzylpenicillin has been analysed in some detail (Gensmantel & Page 1982a, b; Chaimovich et a1 1985) . The rate increase produced by HTAB was attributed exclusively to micellar concentration, the intrinsic reactivity being similar in the micelle and in the aqueous phase (Chaimovich et a1 1985) .
The interactions of cephalosporins with micelles are complicated since these drugs can exist in solution in several ionic forms; therefore drug micelle interactions are very sensitive to pH changes (Tsuji et a1 1978 (Tsuji et a1 , 1981 (Tsuji et a1 , 1982 Nakashima et a1 1985; Oliveira et a1 1990) . Cephalosporins can decompose inter-or intramolecularly (Scheme 9) (Cohen et a1 1973; Bundgaard 1976a Bundgaard , b, 1977 Yawana & Tsuji 1976; Dinner 1977; Indelicato et a1 1977; Tsuji et a1 1981) .
The intramolecular reaction must proceed via the cis conformation of the amide bond (Scheme 10) (Oliveira et a1 1991) . Under conditions where presumably the intramolecular reaction is dominant, HTAB and benzalkonium chloride catalyse and SDS inhibits the decomposition of cephalexin (Yashuara et a1 1977) .
Controlled studies of micellar effects on the decomposition of a-aminophenylcephalosporins showed that positivelycharged micelles increase the rate of OH-ion attack (Scheme I 9), essentially by concentrating both species in the micelle (Oliveira et a1 1990 (Oliveira et a1 , 1991 . PPIE analysis of micellar effects on the decomposition of a-aminophenylcephalosporins was carried out over a range of salt concentrations and pH values (Oliveira et a1 1990) . Judicious selection of reaction conditions, i.e. choice of buffers and salt concentrations, allowed the quantitative description of detergent effects over a wide range of pH and micelle concentrations (Oliveira et a1 1990) . That work, and others, constitute examples of how the application of known models for quantitative analysis of coo-SCHEME 9.
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4. micellar effects on reaction rates can be used to analyse, as well as to predict, the effect of a given detergent on the stability of a drug. The intramolecular decomposition of cefaclor is catalysed by HTAB, Brij-35 and micelles of the zwitterionic detergent 3- (N-dodecyl-N,N'-dimethylammonium) propane-1 -sulphonate (Oliveira et al 1991) . The effect of micelles on the intramolecular decomposition of cefaclor was attributed to the stabilization of the reactive conformation of the antibiotic (Scheme 10). Recent studies of temperature effects on this reaction are in agreement with the proposal for a micellar-induced conformer stabilization (Oliveira & Chaimovich, unpublished) .
Other Functions and Applications
The acid-catalysed hydrolysis of epoprostenol, an analogue of 6-ketoprostaglandin F,,, is inhibited by HTAB up to 1600-fold (Cho 1982) . Since these results were obtained at 0.5 M salt concentration and at a single detergent concentration, it is possible that HTAB, at different concentrations and lower salt, can increase the stability of epoprostenol to a much larger extent.
The rate of electron transfer from Fe3+ to N-methylphenothiazine decreases in the presence of HTA nitrate. Quantitative analysis of the results using a PPIE model, indicate high drug-micelle association constants (Minero et al 1983) . The positively charged HTA nitrate can inhibit electron transfer to the micelle-solubilized drug, presumably by excluding the Fe3+ ion from the interface. With SDS micelles the rates of electron transfer reach a maximum in the region of the critical micelle concentration (CMC). In this latter case the detergent effect was attributed, qualitatively, to hydrophobic and coulombic interactions (Minero et al 1983) .
Micellar effects on the stability of several radical cations of pharmaceutical relevance have been investigated (Nencova et al 1986; Carlotti et al 1987) . Cationic and neutral surfactants below the CMC display no effects on the stability of phenothiazine, diethazine and chlorpromazine radical cations. The same detergents accelerate the decay above the CMC (Nencova et al 1986) . The decomposition of radical cations is catalysed by SDS below the CMC and strongly inhibited at higher detergent concentrations. Qualitative analysis suggests that coulombic interactions between aggregates, H+ ion and cation radicals are responsible for the observed effects (Nencova et a1 1986) . The stability of cation radicals from chlorpromazine is reduced by bile salts. PPIE analysis of the data suggests that the effect may arise from substrate concentration in the micelles (Carlotti et al 1987) .
The photochemical reactivity of chlorpromazine with oxygen is substantially modified in micelles (Epling et al 1983) . The photodehalogenation in micelles is the predominant photodecomposition route while photo-oxidation, prevalent in aqueous solution, is totally blocked by positive, negative and neutral micelles (Enever et al 1979) . Quenching by oxygen is reduced in many organized systems (Turro & Aikawa 1979) . However, the total inhibition of chlorpromazine photo-oxidation by oxygen may be the result of a series of factors including decreased quenching rates, faster abstraction of neighbouring hydrogens and increased efficiencies of photodehalogenation routes (Enever et a1 1979) . Doxorubicin and its derivatives are glycosidic anthracyclins which decompose by hydrolysis of the glycosidic linkage yielding an aminosugar and the corresponding aglycone (Scheme 11) (Bekers et al 1989 Mixed liposomes of phosphatidyl choline and phosphatidylserine stabilize a derivative of N-trifluoroacetyldoxorubicin-14-valerate for more than a year (Bekers et a1 1989) . Although promising, these results are not of immediate utility since the system was studied under a very restricted set of conditions. Some data on microemulsion-based insulin treatment suggests that the biological stability of insulin in-vivo may change in microemulsions (Patel et a1 1991) .
There are several other examples where the effect of surfactants on drug stability in pharmaceutical preparations has been described (Amin & Bryan 1973; Naggar et al 1974; Oppenheim 1976; Aboutaled et al 1985; Aguiar & Rasadi 1982) . The complexity of some of these preparations, however, is such that it is difficult to interpret the results solely on the basis of surfactant effects on drug stability.
Several compounds of therapeutic use can associate spontaneously in solution to form aggregates (Attwood et a1 1974; Attwood & Udeala 1975a, b; Ong & Kostenbauder 1975; Attwood 1976; Thoma & Siemer 1976a, b; Attwood & Gibson 1978 , Attwood & Tolley 1980 Anderson et a1 1983 Anderson et a1 , 1985 Attwood & Natarajan 1983; Maidanov et al 1983; Attwood & Agarwal 1984; Carlotti et a1 1984; Thoma & Albert 1983; Hidaka et al 1986; Attwood & Fletcher 1987; Shimizu & Kambe 1988; Thoma & Herzfeldt 1988a, b; Thoma & Kasper 1988) . Self-association of drugs in aqueous solution can profoundly modify the properties of the pharmaceutical formulation, leading to a variety of effects including change in bioavailability, masking of biological effects and differential drug stability. Several studies suggest that the chemical reactivity of the aggregated drugs is different from that of the monomeric forms. The micellization of penicillin G increases the rate of acid hydrolysis of the drug up to three times while the alkaline degradation pathway is inhibited by 50% (Ong & Kostenbauder 1975) . Decrease in reactivity upon self-association of flupenthixol (Enever et al 1979) , clopenthixol (Thoma & Albert 1983) and methylprednisolone (Anderson et a1 1985) has also been documented. The self-association-related stabilization depends on the hydrophobicity of the drug monomer. Increases of 6-, 15-and 32-fold in stability have been reported for succinate, adipate and suberate methylprednisolone-2 1-hemiesters, respectively (Anderson et al 1983) . Micellization of both charged and uncharged forms of the local anaesthetic tetracaine and some analogues leads to changes in the rates of hydrolysis (Schreier et a1 1986) . T h e properties of drug aggregates can be compared with those of detergent aggregates; therefore, it would be useful if the properties of the aggregates were analysed quantitatively t o the extent now possible with the micellar presented above.
Another field in which supramolecular aggregates have found a widespread application is analytical chemistry.
Among other advantages, micelles a n d other amphiphile aggregates avoid the use of organic solvents, increase the sensitivity of luminescence methods, shift spectra o f reagents or products, concentrate reagents in a small reaction volume, incorporate water insoluble reagents a n d serve as an efficient separation medium in several chromatographic applications (Hinze 1979 
Conclusion
Micelles, and other supramolecular aggregates, can profoundly affect the stability of drugs in pharmaceutical preparations. The effect of micelles on drug stability can be analysed quantitatively under a wide variety of conditions. Current models allow the analysis of drug incorporation as well as separate intrinsic reactivities in the bulk phase from that in the aggregate. This analysis is necessary both t o understand the effect of the aggregate on the lifetime and pharmacological effects of the product, and t o predict the effects of detergent-like additives on the properties of the pharmaceutical preparation.
